We study small identical magnetic particles embedded in a non-magnetic medium with their centers lying in a two-dimensional regular lattice. Within the approximation of the Weiss molecular "eld due to the magnetic dipole moments of the neighboring particles on the spins of a central particle, we derive general expressions for magnetization and magnetic susceptibility of the system. As an application, we discuss the ordering for a square lattice.
We study here the properties of a system of magnetic particles having the same shape and size with their centers lying in a two-dimensional lattice, which can be fabricated, for example by electron beam litho-graphy ( [1, 2] , more recently see Refs. [3] [4] ). Ordering in such a system has been studied before for exchange type interaction between the magnetic particles [5, 6] and more recently for direct dipole}dipole type interaction [7] . We consider here the situation where the magnetic particles are well separated and each particle is a single-domain Heisenberg ferromagnet comprising of spins S each; the magnetic ordering of the particle is considered to arise from the internal magnetic "eld due to the magnetic moments of neighboring particles acting on the spins of a central particle [8] . For our study, we stay within the Weiss molecular "eld (WMF) approximation. Our approach is very similar to that of Benson and Mills [9] , who considered the role of direct coupling of magnetic moments on the spin waves in thin "lms.
We begin by considering the WMF approximation [10] for spins belonging to a central particle marked &o'. We take inside this central particle a central spin S at site also marked &o' interacting only with its nearestneighbor (nn) spins via isotropic exchange interaction of form !2JS ) G S G , and also in the "eld due to the magnetic moments of other particles. In the WMF approximation for spins, one replaces "elds due to other spins by its thermodynamic average, and we do the same for the "elds due to other particles. Thus, in an external magnetic "eld H the WMF form of the Hamiltonian (using SI units) for the central spin is
Here, G"g with g denoting the g-factor, is the free space permeability, and is the Bohr magneton; S X is the component of S along H, where H" H #H #H is the e!ective "eld acting on the central spin; H "2 J1S2/G is the so-called Weiss molecular "eld due to spins of the central particle, with denoting the number of nn spins; H , the molecular "eld due to all other particles at the center (origin) of the central particle is
where R H is the position vector of the center of the jth magnetic particle having a thermodynamically averaged three-dimensional magnetic moment m H in the two-dimensional lattice plane; the sum over j covers the whole lattice except for the central particle marked &o'. We emphasize that this expression of the molecular "eld is independent of the size and shape of the particles, as long as particle size is small compared with the interparticle separations. The "eld H is taken to be same as seen by all the spins belonging to the central particle [7] . This tantamounts to assuming that the particle size is small compared with the "eld penetration depth in the magnetic material, and the interparticle separation. Now, to allow for discussion on di!erent type of magnetic ordering, we set m 
with a denoting the lattice constant for the lattice of magnetic particles. Since, H is taken parallel to e , we must also have e ;H "0, which allows for ferro-or antiferro-type ordering only.
The form of the Hamiltonian in Eq. (1) allows one to calculate the partition function of the central spin, and thereby for the central particle, the magnetization (net magnetic moment per unit volume) M(¹)"M(0)1S X 2/S along the direction of H . Using M(0)"n Q g S, with n denoting the number of spins per unit volume of the magnetic particle, one gets
where H " M(¹) with "2 J/(n g ), and H "M(¹)vK(q)/(4 a) using m (¹)"vM(¹), v denoting the particle volume; y"GS/(k ¹), and B 1 is the so-called Brillouin Function [10] .
We can now solve for M(¹) self-consistently. It yields spontaneous magnetic ordering at a temperature ¹ below a transition temperature ¹ . For ¹'¹ , using B 1 (x)P(S#1)x/3S for small x, one gets the magnetic susceptibility in the paramagnetic phase. In the standard WMF theory of spins, where the term containing K(q) is absent, one gets "C /(¹!¹ ), where C "n g S(S#1)/3k the Curie constant, and the transition temperature ¹ " C . In our case, we get
The magnetic susceptibility is obtained as
where f"n v is the "lling fraction and n is the number of particles per unit volume; here we have used ¹!¹ "C / , so that the experimental bulk value of may be utilized, thus eliminating to some extent the WMF approximation contained in . We note here that for a given lattice, the magnetic ordering of particles is determined by that q which makes K(q) positive and maximum and thereby making ¹ larger than ¹ and maximum; this follows from the consideration of magnetic internal energy at ¹"0 [10] . Further, in the argument of K is q"0, because, in the paramagnetic phase, the particle moments are all induced moments which tend be along H . The total magnetic moment per unit volume of the lattice is M"
is the total number of particles in the lattice. Clearly, this vanishes unless there is ferromagnetic ordering in the lattice for which q"0.
We now consider applications to square lattice, for which, (R HV , R HW )"a(m, n) with m, n"0,$1,$2, 2 , where a is the lattice constant. The reciprocal lattice is also a square with reduced wave vectors q"(q V ,q W ), where q V a" and q W a" lie in the range ! to # . Further, it is su$cient to choose only positive values of and and exploit the full symmetry of the square lattice; thus K(q) can have same value for those q of same magnitude q, which are related through lattice symmetry, and therefore, for brevity, henceforth we use the notation K(q).
We consider "rst e along z-direction, i.e., normal to the plane of the lattice. In this case e ;H "0 is automatically satis"ed since H is along e . We now denote
, whose explicit form in terms of and can be written as a sum over real terms with m, n taking only positive integral values. Then, we get,
Calculating numerically, we get a maximum K(q)"2.646 for " " . This corresponds to antiferromagnetic ordering of the magnetic particles throughout the lattice, using the full symmetry of the square lattice.
We consider now e in the plane of the lattice making an angle with the x-axis. We now introduce the notation
, whose explicit forms in terms of and can be written down. The condition e ;H "0 now requires that, 0" cos 2 ! ( ! /2) sin 2 . There are two solutions for K(q), and the one that gives maximum K(q) is given by
In this case, calculating 's numerically, we "nd a maximum K(q)"5.099 for "0 and " (or equivalently " , "0). This means that the moments order themselves in ferromagnetic chains while the neighboring chains are antiferromagnetically ordered relative to each other.
In real system one would expect that the sample will exhibit domains with the patterns arrived at above.
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